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The e f f o r t  i n  the  ORNL-SNAP sh ie ld ing  progmam i s  d i r e c t e d  toward t h e  development 
and v e r i f i c a t i o n  of computer codes using numerical s o l u t i o n s  t o  t h e  t r a n s p o r t  equat ion 
f o r  the design of optimized r a d i a t i o n  s h i e l d s  f o r  SNAP power systems. A b r i e f  discus-  
s i o n  is given f o r  t h e  major areas of t h e  SNAP s h i e l d i n g  program, which are cross-sect ion 
development, t r a n s p o r t  code development, and i n t e g r a l  experiments. Deta i led  r e s u l t s  
are presented f o r  t h e  i n t e g r a l  experiments u t i l i z i n g  t h e  TSF-SNAP r e a c t o r .  
r e s u l t s  a r e  compared with experiment f o r  neutron and gamma-ray s p e c t r a  from t h e  bare  
reac tor  and as t ransmit ted through s l a b  s h i e l d s .  
Calculated 
The purpose of t h e  ORNL-SNAP sh ie ld ing  program 
is  t h e  development of t h e  technology f o r  t h e  nuc lear  
design of rad ia t ion  s h i e l d s  f o r  r e a c t o r  power sup- 
p l y  systems on spacecraf t .  The emphasis i n  t h e  
program is  on the development and v e r i f i c a t i o n  of 
computer programs f o r  t h e  design of optimum s h i e l d s  
and t o  p r e d i c t  throughout t h e  spacecraf t  system t h e  
a b s o l u t e  spectra  of r a d i a t i o n  r e s u l t i n g  from reac-  
t o r  operat ion.  
Figure 1 shows a schematic diagram of t h e  
SNAP sh ie ld ing  program. The three  major areas 
which are shown a r e  cross-sect ion development, 
t r a n s p o r t  code development and i n t e g r a l  experiments. 
Five years  ago the  c a l c u l a t i o n  of deep-penetration 
neutron t ransport  i n  l i th ium hydride i n  a one- 
dimensional geometry w a s  a chal lenging problem. 
The c a p a b i l i t i e s  s i n c e  t h a t  t i m e  have increased 
rap id ly .  
FIGURE 1.-A Schematic Descr ipt ion of t h e  OWL-SNAP 
Shielding Program. 
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The s i g n i f i c a n t  s t e p s  i n  t h i s  development in-  
c lude (1) t h e  a b i l i t y  t o  c a l c u l a t e  neutron and sec- 
ondary gamma-ray t r a n s p o r t  i n  a coupled mode, (2) 
t h e  development of t h e  DOT ( r e f s .  1 and 2) d i s c r e t e  
o r d i n a t e s  code f o r  deep-penetration two-dimensional 
t r a n s p o r t  c a l c u l a t i o n s ,  (3) t h e  development of a 
s h i e l d  opt imiza t ion  program, ASOP ( r e f .  3), u t i l -  
i z i n g  one-dimensional t r a n s p o r t  c a l c u l a t i o n s ,  and 
(4 )  t h e  development of t h e  multigroup Monte Carlo 
MORSE ( r e f .  4) and t h e  coupling of MORSE and two- 
dimensional DOT c a l c u l a t i o n s  f o r  t h e  a n a l y s i s  of 
d i f f i c u l t  two- and three-dimensional problems. 
The cur ren t  development work inc ludes  MORSE- 
DOT coupling and t h e  optimum shaping of s h i e l d s  
which is a rudimentary form of multidimensional op- 
t imiza t ion .  The v e r i f i c a t i o n  of t h e  s h i e l d  design 
and a n a l y s i s  methods is e f f e c t e d  through comparison 
wi th  i n t e g r a l  experiments. Two types of i n t e g r a l  
experiments have been performed a t  t h e  ORNL Tower 
Shielding F a c i l i t y .  I n  t h e  f i r s t  type of experi-  
ment t h e  measurements are of a b s o l u t e  gamma-ray 
pulse-height s p e c t r a  produced from t h i n  s l a b s  which 
are exposed t o  a f i l t e r e d  neutron beam. 
son with t h i s  experiment, t h e  c a l c u l a t i o n  of t rans-  
p o r t  e f f e c t s  i s  minimized and t h e  emphasis i s  
placed on t h e  c a l c u l a t i o n  of t h e  product ion of sec- 
ondary gamma r a y s  ( r e f s .  5 and 6 ) .  
I n  compari- 
The second type of  exeriment is more prototyp- 
ical i n  t h a t  a b s o l u t e  neutron and gamma-ray s p e c t r a  
t ransmi t ted  from s l a b  s h i e l d s  placed ad jacent  t o  
t h e  TSF-SNAP r e a c t o r  are compared. These compari- 
sons test t h e  t r a n s p o r t  c a l c u l a t i o n  of neutrons and 
gamma r a y s ,  as w e l l  as t h e  product ion of secondary 
gamma rays .  
iments, it was  soon v e r i f i e d  t h a t  t h e  a v a i l a b l e  
c ross -sec t ion  d a t a  f o r  product ion of secondary 
gamma r a y s  w e r e  g r o s s l y  inadequate  f o r  most mater- 
i a l s .  This  s i t u a t i o n  has  now been g r e a t l y  imptoved 
i n  t h a t  d a t a  f o r  production of secondary g a m a  r a y s  
I n  t h e  comparison w i t h  i n t e g r a l  exper- 
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from neutron capture  as a func t ion  of neutron energy 
have been produced by use of nuclear  model theory 
codes ( r e f s .  7 and 8) and by measurements f o r  tung- 
s t e n  ( r e f .  9) and uranium ( r e f .  10) .  Current work 
is d i r e c t e d  toward t h e  v e r i f i c a t i o n  and improvement 
of d a t a  f o r  secondary gamma-ray production due t o  
neutron i n e l a s t i c  s c a t t e r i n g .  
As t h e  techniques developed i n  t h e  bas ic  tech- 
nology program have become es tab l i shed ,  they have 
been incorporated i n  an optimum-shield-design pro- 
cedure which is exercised and demonstrated through 
d e t a i l e d  s h i e l d  design s tudies .  
have been pcr fowed i n  which t h e  reac tor  t-fpe a d  
power and t h e  r a d i a t i o n  dose c o n s t r a i n t s  are speci-  
f i e d  and an optimized s h i e l d  i s  designed ( re f .  11) .  
Through these  e f f o r t s ,  t h e  techniques f o r  s h i e l d  
design are being r a p i d l y  improved. 
Several s t u d i e s  
Also of i n t b r e s t  are parametric opt imizat ion 
s t u d i e s  i n  which t h e  e f f e c t  of reac tor  s i z e ,  type 
and power and t h e  r a d i a t i o n  dose c o n s t r a i n t s  on the  
optimum s h i e l d  conf igura t ion  and weight have been 
s tudied.  These s t u d i e s ,  of course,  incorporate  
considerable  s i m p l i f i c a t i o n  of t h e  geometrv as 
compared t o  t h e  more d e t a i l e d  design s t u d i e s  f o r  a 
s p e c i f i c  configurat ion.  
Other papers  by the  ORNL group a t  t h i s  meet- 
ing w i l l  cover, i n  more d e t a i l ,  t h e  i n t e g r a l  exper- 
iments f o r  secondary gamma-ray d a t a  t e s t i n g  ( r e f .  
121 ,  the  use of coupled MORSE Monte Carlo and DOT 
c a l c u l a t i o n s  f o r  three-dimensional problems ( r e f s .  
13  and 141, and t h e  design of optimized shaped 
asymmetric 47 s h i e l d s  ( r e f .  15) .  I n  t h i s  paper, 
the  s t a t u s  of t h e  c a l c u l a t i o n a l  comparisons with 
the  TSF-SNAP i n t e g r a l  experiments w i l l  be  summar- 
ized.  
The source f o r  these  experiments i s  the  TSF- 
SNAP r e a c t o r  shown before  assembly i n  f i g u r e  2. 
The reac tor  is a modified SNAP-2 which was designed 
and constructed by A t o m i c s  In te rna t iona l .  The 
pressure  v e s s e l  shown on t h e  l e f t  is 9 i n .  i n  diam- 
eter, 16  in .  long, and contains  the  uranium-zircon- 
ium-hydride f u e l  i n  36 rods with a c e n t r a l  s t a i n l e s s  
steel rod containing a small quaritity of boron car- 
bide. 
lium and has four  r e f l e c t o r  cont ro l  vanes. The 
coolant  i s  NaK and t h e  hea t  is removed by n a t u r a l  
c i r c u l a t i o n  t o  a NaK-to-air heat  exchanger above 
the  reac tor .  
The r e a c t o r  i s  r e f l e c t e d  r a d i a l l y  by beryl-  
I n  t h e  dry c r i t i ca l  runs during t h e  
FIGURE 2.-The TSF-SNAP Reactor P r i o r  t o  Assembly. 
s t a r t  of the  reac tor ,  the  i n t e r n a l  power d i s t r i b u -  
tion was measured by gamma-ray scans of t h e  f u e l  
elements,by copper, uranium, and gold f o i l  ac t iva-  
tion and by a c t i v a t i o n  of copper s t r i p s .  Compari- 
sons of t h e  power d i s t r i b u t i o n  deduced from these  
measurements with 05R-Monte Carlo c a l c u l a t i o n s  and 
DOT d i s c r e t e  ord ina tes  c a l c u l a t i o n s  show very good 
agreement f o r  t h e  r a d i a l  and a x i a l  power d i s t r i b u -  
t ions ( r e f .  16) .  
After  t h e  assembly of the  r e a c t o r  was completed 
and i n  i t s  f i n a l  operat ing s tage ,  the  f irst  measure- 
ments which were made w e r e  of t h e  neutron angular 
current  leaking from t h e  bottom of t h e  assembly. 
Figure 3 shows the  SNAP reac tor  without t h e  hea t  
sh ie ld  suspended from its boom. 
tor  tank contains  a s p e c i a l  2-in. by 2-in. square 
collimator which was designed t o  view only 10% of 
the a r e a  of t h e  core. By moving t h e  col l imator  
along t h e  t r a c k  and varying the  angle  p o s i t i o n ,  
several  measurements were made of t h e  angle-depen- 
dent neutron leakage. Data from t h i s  experiment 
showed t h a t  except f o r  those measurements where the 
collimator w a s  v e r t i c a l  and viewing t h e  outer  extrem- 
i t y  of t h e  core  and r e f l e c t o r ,  t h e  s p e c t r a l  shape 
and i n t e n s i t y  which w e r e  measured w e r e  very similar 
for  each run. Comparisons of t h e  measured absolu te  
spec t ra  with very d e t a i l e d  05R c a l c u l a t i o n s  showed 
s u b s t a n t i a l l y  good agreement ( r e f .  1 7 ) .  
The l a r g e  collima- 
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FIGURE 3.-TSF-SNAP Reactor With NE-213 Detector  
Collimator Used For Measurement of the  Angle- 
Dependent Neutron Leakage. 
FIGURE 4.-Comparison of Calculated and Measured 
Radial  Neutron Dose P r o f i l e s  Below t h e  SNAP Reactor. 
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Figure 4 shows comDarison of measurements and Figure 5 shows a l ist  of t h e  experiments f o r  - 
which c a l c u l a t i o n s  have been performed. 
many o ther  experimental runs which have been made 
There are 
c a l c u l a t i o n s  f o r  l a t e r a l  neutron dose t r a v e r s e s  
below t h e  SNAP reac tor .  The measurements w e r e  made 
b u t  not  y e t  ca lcu la ted .  From f i g u r e  5 you can see 
that  neutron measurements and c a l c u l a t i o n s  have been 
performed f o r  t h e  bare  r e a c t o r ,  and lithium-hydride, 
wi th  a s m a l l  Hornyak but ton ,  and the  c a l c u l a t i o n s  
were made with the two-dimensional DOT code f o r  t h e  
r e a c t o r  coupled, i n  one case  with t h e  SPACETRAN rav- . .  
deple ted  uranium, l e a d ,  tungsten powder, heavimet 
a l l o y ,  and laminated lithium-hydride lead-uranium 
t r a c i n g  code t o  obtain t h e  dose a t  t h e  s p e c i f i e d  
p o i n t s ,  and i n  the o ther  case  t h e  coupling a t  a 
p lane  j u s t  below the  r e a c t o r  w a s  made t o  t h e  MORSE 
Monte Carlo code which then determined t h e  dose a t  
t h e  s p e c i f i e d  points. 
c a l c u l a t i o n s  and experiment i s  s u r p r i s i n g l y  good. 
I n  t h e  DOT-SPACETRAN coupling, however, some r a y  
e f f e c t s  can b e  observed f o r  l a r g e  r a d i i  on t h e  plane 
c l o s e  t o  t h e  bottom of  t h e  reac tor .  
The agreement between t h e  
Addit ional  neutron and gamma-ray s p e c t r a l  mea- 
surements f o r  the b a r e  r e a c t o r  are included i n  t h e  
s l a b  s h i e l d  t ransmission series. The neutron and 
s l a b s .  
c a l c u l a t i o n s  have been performed f o r  t h e  bare  reac- 
t o r ,  and lead ,  depleted uranium, heavimet a l l o y ,  
tungsten powder, and laminated lithium-hydride and 
uranium s l a b s .  
More d i f f i c u l t  gamma-ray measurements and 
Figure 6 shows a scale drawing of t h e  geometric 
conf igura t ion  f o r  t h e  fast -neutron s p e c t r a l  measure- 
ments. The NE-213 d e t e c t o r  is loca ted  deep i n  a 
room beneath t h e  concre te  pad. The area of t h e  s l a b  
which i t  views is def ined  by t h e  inner  w a l l  of t h e  
w a t e r  tank. I n  t h e  c a l c u l a t i o n s ,  t h e  leakage angu- 
l a r  f l u x  from a DOT c a l c u l a t i o n  of t h e  r e a c t o r  is 
gamma-ray s l a b  transmission measurements have been 
performed wi th  la rge  s l a b  s h i e l d s  supported such .. 
used as a boundary source f o r  t h e  c a l c u l a t i o n  of t h e  
s l a b  s h i e l d .  The leakage angular  f l u x  from t h e  
bottom of t h e  s l a b  s h i e l d  is then in tegra ted  wi th  
SPACETRAN code t o  o b t a i n  t h e  absolu te  neutron f l u x  
t h a t  they are located d i r e c t l y  under t h e  SNAP reac-  
t o r .  
fas t -neutron s c i n t i l l a t o r  and t h e  sodium-iodide 
gamma-ray de tec tor .  
Measurements have been made with t h e  NE-213 
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at theNE-213detector. In theexperiment,he
pulse-helghtdistribution fromtheNE-213is
unfoldedwith theFERDORcodeandcompared
with thecalculationat thedetectorpoint. The
comparisonsarealwayson an absolute basis wlth
the reactor power monitored by foils during each
run.
EXPERIMENTSWHICH HAVEBEENCALCULATED
NEUTRON
BARE REACTOR
6" LiH
12" LiH
I.5" U-238a
4. 5" U-238
1. 5" Pb
3" Pb
6" W b
IZ'W
2" HEAV IMEIc
1.5" U-23B-6" LiH
6" LiH - I.5" U-238
6" LiH - 1.5" Pb- 1.5" U-238
6" LiH-4. P" U-238
6" LiH- I.5" Pb
3" Pb-6" LiH
au-238 is depleted uranium.
bw is tungsten powder (P--, 6 gm./cm. 3).
CHEAVIMET is tungsten-copper-nickel alloy.
FIGURE 5.-A Llst of TSF-SNAP Slab Transmission
Experiments Which Have Been Calculated.
GAMMA
BARE REACTOR
2" Pb
3" Pb
6" Pb
3. 5" U-238
4. 5" U-238
2" HEAVlMET
6" W
6" LiH - 1. 5" U-238
EXPERIMENTCONFIGURATIONF RNEUTRONMEASUREMENTS
SNAPREACTOR...,_
SAMPLE_ --
WATER TANK@
2[. II
_36"
3.125"
i 171_/CONCREI'E
223.75"
2" NE-213
DETECTOR%_
FIGURE 6.-Experimental Configuration for Fast-
Neutron Measurements.
Figure 7 shows a comparison of experiment with
DOT-SPACETRAN calculation and Monte Carlo 05R cal-
culation for the fast-neutron spectra for the bare
core. The agreement is very good except that the
calculations are somewhat high below 1-1/2 MeV.
Figure 8 shows a comparison of DOT calcula-
tion wlth a recent measurement of the neutron leak-
age from the bare core using the Benjamin spectro-
meter which uses spherical hydrogen-fllled detec-
tors. The measurements were made at approximately
36 in. below the reactor core. The calculation
uses DOT coupled with SPACETRAN in the usual manner,
and the agreement in intensity is quite good except
that the calculation is somewhat high between 600
keV and 1-1/2 MeV. Also shown is the result of
scaling the NE-213 measurements to the hydrogen
counter locatfon. The agreement between the NE-213
spectrometer and the Benjamin spectrometer in the
overlap energy range is excellent.
.... _ EXP_,M_NI
\
_i
II
-  t11Itr
.,._ I I I I I I I I I ,_]
, 2 3 e _ 13 ,_
FIGURE 7.-Comparlson of Calculated and Measured
Fast-Neutron Spectra From the Bare TSF-SNAP
Reac tot.
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FIGURE 8.-Comparison of Calculated and Measured
Intermediate Neutron Spectra From the Bare TSF-
SNAP Reactor.
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Figure9 showsa comparisonf measurement
withDOTand05Rcalculationsfor a 12-in.-thick
slabof lithiumhydride. Theoverall agreementis
verygood;however,thecalculationsaresomewhat
highbelow2 MeVandsomewhatlowat thehigher
energies.Themultigrouplithium crosssections
usedin theDOTcalculationwereprocessedprior to
theavailability of lithium in theENDF/Blibrary
but usedthe samedataasusedfor theENDFevalua-
tion. It is importantthat all of theneutron-
producingreactionsin lithiumbetreatedin order
to obtainreasonablygoodagreement.In this mul-
tigroupset, thesecondaryneutrondistributions
fromthenonelasticreactionsareassumedto be
isotropic in thelaboratorysystem.However,in
theMonteCarlocalculationtheangulardistribu-
tions of thesecondaryneutronsare treatedexplic-
itly. Previouscomparisonsin one-dimensional
spheregeometrybetween05RandmultigroupANISN
calculationshaveshownexcellentagreementin
lithium hydrideto a depthof 90cm(ref. 18).
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Figure i0 shows a comparison of experiment and
DOT calculation for the fast-neutron spectra trans-
mitted through a 2-in. slab of heavimet alloy. The
agreement for this case is the best for any of the
metal slabs which have been calculated. For lead,
the calculated spectra are consistently 15% low,
and for uranium at large slab thicknesses the calcu-
lations are a factor of 2 to 2-1/2 low. This result
for uranium is anomolous since comparisons of DOT
calculations with experiment using the same slabs in
a beam source geometry have previously shown good
agreement when the fission multiplication in the
slab is treated (ref. i, page 144). Experiments are
currently in progress to attempt to determine the
reason for this disagreement in this case.
Figure ii shows a scale drawing of the geometry
for the garmma-ray measurements and calculations.
The 5-in. sodium iodide detector is also located
deep in the room beneath the concrete pad. In the
gamma-ray measurements a 10-in. thickness of borated
polyethylene is in the beam at all times to reduce
the neutron background in the detector.
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FIGURE 10.-Comparison of Calculated and Measured
Fast-Neutron Spectra From a 2-in. Slab of Heavimet
Under the SNAP Reactor.
EXPERIMENT CUNFIEURATION FOR 6AMMA RAY MEASUREMENTS
FIGURE 9.-Comparison of Measured and Calculated
Fast-Neutron Spectra From a 12-in. Lithium Hydride
Slab Under the SNAP Reactor.
D_TECTDR_
FIGURE ll.-Experimental Configuration for Gamma-Ray
Measurements.
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Calculations have been performed with DOT using
a 27-neutron group - 60-gamma-ray group coupled
library. Some of the calculations use the angular
flux distribution beneath the reactor as a fixed
boundary source for the slab shield calculations.
In other cases, it has been necessary to calculate
the reactor and shield as a single unit and include
the effect of the shield on the power distribution
In the reactor. The angular flux from the lower
surface of the shield is integrated with the SPACE-
TRAN code to determine the flux at the detector in-
corporating the uncolllded flux attenuation of the
borated polyethylene. The gamma-ray flux incident
on the detector Is folded wlth the detector response
function so that the calculated pulse-helght distri-
bution Is compared directly wlth the measurement.
Figure 12 shows the comparison of calculated and
measured absolute pulse-height distribution for the
bare core. The agreement below 4-1/2 MeV is excel-
lent. Above 4-1/2 MeV, the experiment Is hlgh by
almost a factor of 2. Thls disagreement is at pre-
sent believed to be due to epithermal capture in
structural materials in the reactor which are not
adequately described. A comparison of dose or total
energy flux would agree very well since the inten-
sity is much greater at the lower energies.
Figure 13 shows a comparison for experiment
and calculation of the absolute pulse-height spectra
for a 2-in. slab of heavimet placed directly under
the SNAP reactor. Over most of the energy range
the calculation is 20-25% low. At the higher ener-
gies above 7 MeV, the calculation is a factor of 2
low. However, the integral energy flux of the cal-
culation and experiment agrees to within 15% due to
the fact that the calculation agrees best with the
experiment below 2 MeV where the intensity is the
highest. This is the best comparison for any of
the metal slabs.
FIGURE 13.-Comparison of Calculated and Measured
Gamma-Ray Pulse-Height Spectra From a 2-in.
Heavlmet Slab Under the SNAP Reactor.
The secondary gamma-ray production matrix used
in this calculation, which included energy-dependent
yields or epithermal capture, has been checked with
the TSR-2 secondary gamma-ray experiment and shown
to give substantially good results (ref. 19).
For the other gamma-ray shields the situation
is not nearly so good. For lead, the TSR-2 gamma-
ray experiments have shown that the secondary
gamma-ray production data for neutron inelastic
scattering is entirely inadequate. For uranium,
the comparisons of calculation and measurements for
the SNAP reactor experiments show that the calcula-
tions are low by about a factor of 2. This disa-
greement may be related to the anomaly In the neutron
spectral comparisons since the TSR-2 gamma-ray ex-
periment shows good agreement for 238U foils.
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In conclusion,the comparisonsandcalcula-
tionswith theTSF-SNAPexperimentshaveshownthat
the transport codes can accurately predict the neu-
tron and gamma-ray radiation from the bare reactor.
Also, the prediction of neutron transmission through
shield slabs of lithium hydride, lead,and tungsten
are adequately calculated. For secondary gamma-ray
comparisons, the present status is not satisfactory
in that relatively good agreement is only obtained
for the heavimet alloy and tungsten powder assem-
blies.
The work presently in progress may _oon re-
solve the difficulties experienced in neutron and
gamma-ray comparisons for depleted uranium slabs,
and the disagreement for lead constitutes a low
priority problem in that lead has been ruled out as
a likely candidate material in an actual SNAP shield.
Future experiments using the TSF-SNAP reactor
will be for the verification of shield optimization
by comparing measured and calculated dose deriva-
tives and for verification of shield shaping pro-
cedures.
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